An algorithm is presented for solving operating type minimum reflux problems of heterogeneous azeotropic distillation processes, based on the concept of hypothetical pinch plate proposed by Yamada et al. The process discussed here is restricted to column sequence in which the entrainer recycle stream returns to the azeotropic column as a feed stream and which is favourable over the other sequences in respect to energy consumption.
Introduction

2.4.
Top Section of Azeotropic Column (#2) At the hypothetical pinch plate, the downcoming liquid and the upflowing vapor streams are in equilibrium.
For the upper hypothetical pinch plate (HI) of the azeotropic column, the following equation is obtained.
Besides, the top section of the azeotropic column as shown in Fig. 2a can be described by the following balance equations.
2.5.
Bottom Section of Azeotropic Column (#3) Similar to the top section, the section below the lower hypothetical pinch plate (HII) can be described by the following equations.
Middle Section of Azeotropic Column (#4)
As is proposed by Yamada et al.9) , the number of stages between the two hypothetical pinch plates is assigned to an arbitrary finite number which can satisfy Eqs. (9) and (14) . For this section, input streams are Ft, VHII and LHI and output streams are Entrainer Recovery Column The recovery column is decomposed into three sections as shown in Fig. 2b . Similar to the azeotropic column, the middle section between the two hypothetical pinch plates is also dealt with as a column with a finite number of stages.
The top and bottom sections are described by the following equations.
For the top section (#5):
3. Algorithm for Minimum Reflux Problem of Operating Type
Specifications
For an operating type problem of the azeotropic distillation process shown in Fig. 1c , the following variables should be specified.
7)
Repeat the calculations of steps 3) to 6) till the following tolerance is satisfied. (14)- (18) for yHII,i, xBi, LHII, and VHII.
12) Solve the middle section of the azeotropic column to update yHI,i and XHII,i. This section is also stagewisely solved by the flash calculation procedure used in our previous articles13), 14) . The convergence tolerance is taken as follows Before the tolerance given in Eq. (45) is reached, the calculated yHI,i and XHII,i may not satisfy the Eqs. (9) and (14 As shown in Table 1 
Algorithm for Minimum Reflux Problem of Design Type
Design type problem is often more important than that of operating type in practice.
Because of high nonideality of heterogeneous azeotropic systems, however, the minimum reflux ratios cannot be accurately calculated by available methods.
In the following, the authors discuss a procedure to determine Rimin, Romin, R'min, and optimal recycle flow rate Dopt based on the operating type algorithm discussed above.
1. Specifications
Instead of specifying Rmin and Rmin, the separation requirements such as product purities of the key components of each column are specified for the design type problem.
In order to achieve the same separation, D' and R'min have to compensate each other; if D' is small, R'min has to be large in order to remove the water in the original feed, and vise versa. Furthermore, there is similar relationship between Rmin and D(=D'+B').
From the view of energy consumption and equipment size, smaller D', Rmin, and R'min are favored.
Thus, there exists a optimal recycle rate D'opt. Here, we employ Eq. (49) instead of specifying D' as the case of operating type problem since the equipment cost and the operating cost are directly related to the vapor flow rates of the columns. The other specifications are the same as those for the operating type problem.
Algorithm
The golden section method is used to search for For a given R'min, calculate x'Bi using the same steps as the steps 2)-7) stated in 3.2.
4) Take the Eq. (51) as the objective function to search for Rimin using the golden section method.
For a given Rimin, calculate xBi using the same steps as the steps 8)-14) stated in 3.2. 5) Check y1i by Eq. (45). If it is not satisfied, update y1i, return to step 2).
Example and Results
The distillation process shown in Fig. 3 is also taken as an example. However, the problem here is to calculate the Rimin, Romin, R'min, and D'opt to satisfy have been taken as unity. The results calculated with the proposed procedure are given in Table 2 . Although there are three optimization loops using the golden section method in the proposed algorithm, the computation time is not very long, because only less than ten iterations are needed for one use of the golden section method. Furthermore, since the initial estimate y1i can be accurately given, Eq. (46) is easily satisfied.
The relationship between D' and the objective function defined by Eq. (49) is shown in Fig. 6 . This figure shows that the total vapor flow rate of two columns is sensitive to the recycle flow rate D'.
To examine the calculated minimum reflux ratios obtained by the above procedure, an azeotropic column shown in Fig. 7 is simulated by the steady-state simulation algorithm proposed in our previous article13). The feed conditions of this column are same with those given in Fig. 3 . The recycle stream and the outer reflux are taken as the feeds of the column and their flow rates (D', LoR) and compositions (x'Di, xoRi) are taken from the calculated results given in Table 2 . By taking the column is simulated and the calculated results for three reflux ratios are given in Table 3 . These results show that the operating reflux ratio of an 
